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Abstract:
Zeolites are naturally found crystalline alumnosilicates which are used
extensively in catalysis, ion-exchange, and molecular sieving applications. The structure
of the zeolites of interest consists of tetraheda that are arranged to form sodalite and
supercage structures. Pyrene is able to enter the supercages of the zeolite by adsorption
from non-polar solvents, exhibits characteristic fluorescence emission when excited using
uv light at 337 nm. In this study, the sodium ion exchanged forms of zeolites X and Y,
synthetic analogues of naturally occurring faujacite mineral, were used. The purpose of
this study was to determine what effects would be seen in discs prepared from zeolite
powder loaded with pyrene prior to the pressing process. The pressing of the powders
into discs at high pressures results in the entrapment of pyrene and a decrease in the
efficiency of quenching by O2, as well as an inability to quench using peryelene and
Ti02. This effect is greater in zeolite Y than in zeolite X. The ability to quench pyrene
fluorescence is decreased further as the powders are loaded with higher concentrations of
pyrene and when the powders are not heated subsequent to loading. Up to 65% of the
pyrene fluorescence was unable to be quenched by oxygen in unheated NaY discs
pressed at 5 metric tons. Using a reaction bomb and acetonitrile, all of the quenchable
pyrene was able to be removed, leaving only unquenchable pyrene. This further
supported the hypothesis that pyrene is in fact becoming trapped. P>rene
phosphorescence was induced by exhaustive exchange of sodium ions with transition
metal ions. We conclude from this study that most of the adsorbed pyrene remains near
the particle exteriors. The change in quenching ability is due to the increased trapping of
pyrene caused by sti'uctural damage near the exterior of the zeolite at particle-particle
contact sites. This damage increased with increasing pressures used to form discs.
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Introduction:

Zeolites are crystalline, microporous aluminosilicates that can be synthesized in
the laboratory oj- found naturally as mineral deposits. Because of their very high surface
area, zeolites are commonly used as sorbents and as ion-exchange media in a variety of
industrial processes. Many zeolites exhibit high selectivity for certain metal cations that
enables them to be used for ion-exchange processes.[1] They are also used extensively
as catalysts for petrochemical processing and gasoline production, and for the production
of fine and spec:alty chemicals. The intricate channel structure and the sizes of the
channels and cavities (5 A to 12 A)of zeolites allows them to exhibit size and shape
selectivity for molecules. For this reason zeolites are often referred to as molecular
sieves.[2] Although zeolites have many important industrial applications, new uses for
zeolites continuij to be explored. For example, zeolites have been studied as media for
the design of su])ramolecular systems and for producing nanoscale effects.
The structure of zeolites consists of a framework of aluminum, silicon, and
oxygen. These iire an*anged to form silica and alumina tetrahedra in which no two
aluminum atoms share the same oxygen atom.[3] Zeolites are typically negatively
charged due to the substitution of aluminum for silicon in the framework structure. [4]
This negative charge is balanced by exchangeable cations, such as sodium cations. The
location of cations in the framework structure can be determined by X-ray
crystallography. [5]
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The zeolites of particular interest in the current study are the zeolites X and Y,
both of which are synthetic analogues of the naturally-occurring mineral faujasite.[4]
These analogues; show identical framework structures (i.e., pore openings and cage sizes)
to faujasite, but differ in their silicon to aluminum ratios (Si/Al). Zeolite X exhibits Si/Al
< 2.0 while zeolite Y has Si/Al > 2.0. Because zeolite X contains more aluminum, it has
a higher negative chai'ge and is more electronegative than zeolite Y.[4] The pore
openings of zeolites X and Y(7 to 8 )are the largest of the commercially available
zeolites. Both contain two types of cavities characterized by their size. There are smaller
cages referred tC' as sodalite cages, and larger cages referred to as supercages. [Figure 1].
[6] The chemical compositions of the sodium-exchanged forms are: NaY,
Na55Al55Si,3703:^4,(Si/Al: 2.5); NaX, Na8oAl8oSin20384,(Si/Al: 1.4).

Figure 1: Sodalite and Supercage Structure of Zeolites
The structure of zeolites X and Y is composed of sodalite cages arranged to form more
complex supercage stmctures.
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The openings of the socialite cages are approximately 2.2 A. In general, only
water or smaller molecules can enter through these openings. Oxygen cannot enter these
openings. In contrast, the much larger supercages have 7.4 A openings and an interior
diameter of 13 A. Up to 28 water molecules can be held in the supercages, compared to
only 4 in the socialite cages.[7] The supercages are of specific interest because the
opening diameters are much smaller than the diameter of the interior cavity. As such.
molecules that are able to enter the supercages move freely once they are in the internal
cavity. For example, pyrene can be loaded into the internal cavities of zeolite Y by
adsorption from non-polar solvents [Figure 2]. [8] This occurs through passage of pyrene
through the 7.4-A supercage aperture and adsorption of pyrene to zeolite exchangeable
cations. Pyrene is of particular interest in the current study due to its favorable
properties as a f uorescent probe of the zeolite interior.

Figure 2: Supercage in Zeolite Y and Structure of Pyrene. The supercage aperture is 7.4
A in diameter. The supercage interior has a diameter = 13 A.[7] Pyrene, having a
diameter = 7.36 A, can enter the supercage opening and reside in the interior cavity.

Pyrene
d = 7.36 A
(goes in)
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In this study, the technique of fluorescence probing is utilized to explore the
nature of molecular entrapment in zeolites due to pressing zeolite powders under high
load into self-supported discs. Initial studies had shown that quenching of pyrene
fluorescence by oxygen (O2) in the internal cavities ofsodium-exchanged zeolite Y (or
NaY) was lowered significantly when NaY powder containing adsorbed pyrene was
pressed into sell-supported discs. In essence, a fraction of the pyrene in the NaY disc
became inaccessible to O2 and was trapped in the zeolite as a result of collapse of the
zeolite framework under pressure. This phenomenon prompted a more detailed
description of the effect in tenns of the relationship between quenching and loss of
surface area. Tlie results showed decreased quenching by as much as 65 percent, with
only a 5 percent drop in N?-BET surface area. Therefore, significant structural damage to
the zeolite was ruled out as the cause of decreased quenching. An alternative explanation
of the effect was explored in terms of the location of pyrene in zeolite particles. This
explanation posiulates that most of the pyrene is located near the particle exterior and that
damage to the Z(iolite occurs mainly at particle-particle contact points. This explanation
is supported by studies aimed at controlling the location of pyrene in zeolite particles.
Of further interest was the fluorescent behavior of entrapped pyrene. Free pyrene
was extracted from discs leaving only entrapped pyrene. Quenching of entrapped pyrene
fluorescence by O2 and univalent cations of thallium and cesium was explored. While no
fluorescence qu(jnching by O2 was observed, both Tl^ and Cs^ produced heavy atom
quenching and visible pyrene phosphorescence that is only possible through direct
contact of pyi'ene with the cation. This indicates that the entrapped pyrene is accessible
to metal cations exchanged onto the zeolite.
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Experimental Procedure:
Pyrene Loading onto Zeolite Powder
Approximately 2.5g of the zeolite NaY in powdered form was placed in a 20-mL
glass vial and heated in a furnace at 550®C for 1 hour in air in order to dehydrate the
sample. After one hour, the vial was placed in a desiccator over activated molecular
sieves and cooled for ten minutes. At this point, the dry weight of the powder was
measured to be 1.9 g, implying that only 77 percent of the original weight was solid
material. The powder was then quickly transferred in air into a 50-mL round bottom
flask containing 25 mL of cyclohexane. The contents of the flask were gently swirled in
order to obtain a slurried solution. A 375-)iL aliquot of a 3.3 mM pyrene stock solution
(or 1.23 pmol p)/rene) was added to the slurry by using a Teflon syringe. A magnetic stir
bar was also added and the slurry was stirred for two hours. While stirring, the flask was
stoppered to prevent water absorption to the zeolite from air and was also wrapped in
aluminum foil to prevent any photodegeneration that might occur. With the reasonable
assumption that all of the pyrene in solution adsorbs to the zeolite, a loading of 0.64 pmol
g'' pyrene in the zeolite is obtained. Given that the supercage (sc) concentration in NaY
is 624 pmol sc g'', [5] an approximate pyrene loading of0.001 Py sc’’ is expected at the
given loading. Cyclohexane was used in this preparation due to its nonpolar properties.
It allows for pyrene and other probes to be dissolved in solution, while ensuring that the
polar adsorption sites on the zeolite surface remain active. Polar solvents such as water

5

block access to these sites. With stirring, the pyrene was uniformly loaded onto the NaY
powder by adsoiption.
Following the loading process, the solution was vacuum filtrated by use of a water
aspirator, in order to yield the solid NaY loaded with pyrene. While filtering, the powder
was washed with copius amounts of cyclohexane and allowed to air dry. The powder
was then transferred into an evacuable glass tube and placed under high vacuum for ten
minutes at room temperature. The glass tube was then placed in a 125°C tube oven and
further evacuated at mTorr pressures for 1 hour, in order to enhance diffusion or
migration of pyrene into the NaY particle interior. The powder was then cooled,
removed from vacuum, equilibrated for 24 hr with water in air, and transferred into a
glass vial for storage.
The procedure described above was also used to produce loadings of0.01 Py sc '
in NaY, and to load pyrene into NaX (592 pmol sc g'*) at similar concentrations. It was
also used to load the molecular probe perylene into NaX and NaY.

Preparation of Discs
For studies of pyrene fluorescence quenching by O2 in NaX and NaY, selfsupported zeolite discs were used as the test medium. Figure 3 illustrates the method for
preparing discs. Approximately 20 mg of pyrene-loaded zeolite powder was placed in a
die cell (Wilks Uni-die) and spread evenly. The die cell was then compressed by using a
Carver lab press at one, thi'ee, or five metric tons. A pressure of one metric ton was the
lowest pressure applied that yielded a working disc. An approximate disc thickness of
0.1 mm was produced by this method. The lab press was placed in a vent hood to prevent
inhalation of pyrene-loaded dust.
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Figure 3: Disc Preparation
20 mg of the loaded zeolite powder was pressed, using a Wilks Uni-die cell and a Carver
lab press, into 100-pm-thick discs.

Disc Preparation
Press

zeolite powder

20 mg, 100-pm-thick disc

Studies of Fluorescence Quenching by Oxygen
The effect of pressing the discs on quenching of pyrene fluorescence by O2 was
examined. Either powders or pressed discs were placed in a 2-mm evacuable quartz cell.
By using an adapter, the cell was evacuated for fifteen minutes at 125“C and cooled to
room temperature. Pyrene fluorescence was produced by excitation at A. = 337.1 nm,
through the use of a pulsed N2 gas laser. Pyrene fluorescence decay profiles were
measured at 373 nm by using a photosensor(R3809U-50) manufactured by Hamamatsu,
Inc., and were captured by use of a Tektronix TDS 3052B oscilloscope (bandwidth = 500
mHz). A schematic of the measurement setup is illustrated in Figure 4. Decay profiles
under vacuum and under 1 atm O2 were compared. Pure O2 from a storage cylinder was
added to the sample thi'ough the vacuum line. A Fisher DVR-2 pressure gauge was used
to measure O2 pressure over tlie sample. The fluorescence decay profiles were analyzed
in OriginPro 7.5.
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Figure 4: Fluon;scence Spectroscopy Schematic
The apparatus for collecting the fluorescence data is set up in this way. The laser
excitation is directed to the front face of the sample, and the emitted fluorescence is
collected by the photosensor at a 90 degree angle to the excitation source.
Time-resolved fluorescence spectroscopy

Sample disc
(front face excitation)
/

>
Detector
(photosensor, phototube, or
MCP-PMT)

O
Excitation source
(ps- or ns-pulsed UV laser)

Surface Area Study
In order to examine whether pressing the discs was causing excessive structural
damage to the cage structure of the zeolite, a surface area study was performed.
Measurements v/ere caiTied out on discs of bothNaX and NaY pressed at five metric
tons, the highest pressure tested, as well as on native powders. This pressure is expected
to produce the most damage to the zeolite. Surface areas were measured by the BET
method in the region p/po = 0.05-0.3 on a home-built apparatus. The equations,
calculations, and basic approach that was used is described in Shoemaker.[9]

Pyrene-Perylene Studies
In order to ascertain whether resonance energy transfer was possible between
pyrene in one zeolite particle and perylene in another zeolite particle, a series of studies
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were perfornied using NaY. Equal amounts(100 mg of each powder) of 0.001 mol
pyr/mol sc"' and 0.001 mol per/mol sc'* were mixed. The best way to obtain a
homogeneous mixture of the powders was to dissolve them in water and to use sonication
to mix them tho)*oughly. The mixture was centrifuged, and the supernatant water was
poured off It was then placed imder vacuum, and the remaining water was evaporated.
leaving the homogeneous powder. This was performed for both heated and unheated
powders. Apprctximately 20 mg of the mixed powder samples were then pressed into
discs at five metric tons. Fluorescence quenching studies were performed on the mixed
powders and on the discs using the standard procedure.

Titanium dioxide Study
A stud)’ of the effects of combining pyrene-loaded NaY powders and Ti02
powder was performed to detennine whether pyrene fluorescence quenching by Ti02
located exterior to the zeolite particle was possible. A sample of0.8 mg of Ti02 powder
(Degussa P-25, anatase) and 102 mg of0.001 mol pyr/ mole supercage NaY unheated
powder were dissolved in water and mixed using the sonication method.

The mixture

was centrifuged, the supernatant was removed, and it was evacuated to remove the water.
The process was repeated using mixtures of4.8, 10.4, and 14.8 mg of Ti02 powder and
100 mg of the zeolite powder. Fluorescence quenching measurements of these mixtures
were performed using the standard procedure.

Pyrene Extraction Study
Four zeolite discs pressed at five metric tons from 0.001 mol pyr/mol supercage
NaY unheated powder were placed in a Parr, Teflon-lined reaction bomb. Then, 25 ml
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acetonitrile was added, and the reaction bomb was sealed. The reaction bomb was placed
on a hot plate at 120°C and left for one week. After this period, the reaction bomb was
cooled to room lemperature. The supernatant acetonitrile was removed and stored in
vials. This acetonitrile was examined for pyrene fluorescence under UV light in order to
ascertain whether pyrene had entered solution from the zeolites. The discs were allowed
to dry in air and were stored in a vial until use.

Metal Ion Exchange Study
A study was performed in order to ascertain whether quenching of trapped pyrene
fluorescence could be achieved by exchanging the sodium ions on the surface of the
zeolite structure with thallous ions(Tr)and cesium ions (Cs^). A standard procedure for
this exhaustive t-xchange was used for each metal cation. An extracted disc was placed in
a vial and immersed in a 2.5-mL aliquot of a saturated solution of the metal ion for
twenty minutes at 70“C. Saturated solutions were prepared using thallium(I) nitrate and
cesium nitrate. Following exposure, the disc was washed thoroughly with distilled water.
This process was repeated four times with the final exposure allowed to extend overnight.
Fluorescence studies were performed on the exchanged discs.
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Results:
Previous to this study, quenching of pyrene fluorescence in zeolites had been
characterized b> using self-supported discs onto which pyrene had been loaded onto the
zeolite following the preparation of discs from powders.[8] However, no similar studies
have been repored on quenching in which the discs were prepared from pyrene-loaded
powders. Such samples are referred to here as pre-loaded discs. The initial aim of the
current study was to explore the effects of the pressing process on quenching of pyrene
fluorescence by O2 in pre-loaded discs. Preliminary results had shown that a fraction of
the pyrene fluorescence could not be quenched in pre-loaded discs. However, a
quantitative description of the effect was lacking, as well as a description of its origin or
cause.
Under vacuum and upon ultraviolet excitation at 337 nm with an N2 laser, both the
pre-loaded discs and powders from which the discs were prepared emitted a blue light
that was characteristic of pyrene fluorescence. For powdered samples, the fluorescence
could be completely quenched by O2 as the blue emission was entirely eliminated upon
adding 1 atm O2 to the evacuation cell. For pre-loaded discs, the extent of fluorescence
quenching undei' 1 atm O2 varied depending on the pressure or load used to prepare the
disc. This is reflected in the graphed decay profiles of pyrene fluorescence shown in
Figure 5 and in the percentages of unquenched fluorescence under 1 atm of oxygen
calculated from the graphs as shown in Table 1.
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Figure 5 is an example of graphs ofthe decay profiles of the pyrene fluorescence
in sample of NaY. Each graph plots the relative intensity of fluorescence versus time
under vacuum and under 1 atm O2. For the powder (top left), the fluorescence intensity
was reduced to e*ssentially zero in 1 atm O2. This implies that all of the pyrene in the
sample is accessible to O2. In the graphs of the 1 ton (top right), 3 ton (bottom left), and
5 ton (bottom right) discs, the fluorescence intensity under O2 and relative to vacuum
increased with increasing pressure. About one-half of the fluorescence remains under O2
for discs pressed at 5 tons. Clearly, increasing the pressure or tonnage in the preparation
of discs leads to less quenching or an increase in the fraction of pyrene that is
inaccessible to ():>.
Table 1 jirovides a more quantitative description of the quenching results. The
values were calculated from the graphs in Figure 5. The relative intensity values in
vacuum and in 1 atm O2, indicated by the arrows in the graphs, were used to calculate the
percentage of unquenched fluorescence. The values represent averages of calculations
from several sets of data. The values were averaged in order to account for small
differences in intensity that may have been observed when the excitation light did not hit
exactly the same place on the disc. One reason the time-resolved approach was used was
to eliminate errors due to any possible changes in the decay profile of the inaccessible
pyrene relative to the accessible pyrene. Such changes could translate as either an
increase or decn^ase in measured intensity or quanta in steady-state measurements.
Measurements of initial intensities of decay profiles eliminates this error.
Only about 2 percent of the pyrene fluorescence in the NaY powder was unable to
be quenched under 1 atm O2. This value increased to 8%, 19%, and 51% as the powder
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was pressed into 1,3, and 5 metric ton discs, respectively. The amount of unquenched
fluorescence increased with the progressively higher pressures used to form the discs.
Similar measurements to those for NaY were also made for NaX. These results
are summarized in Table 1. Differences between NaX and NaY were evident. In NaX,
much less of the pyrene was inaccessible to O2 as only 20 percent unquenched
fluorescence was observed at 5 tons. However,for NaX the amount of unquenched
fluorescence did increase with increasing pressure, similar to the results for NaY.

Fiuure 5: Decay Profiles of Powder, 1, 3, and 5 Metric Ton Heated NaY Samples
The fluorescence intensity data under vacuum and in oxygen were plotted versus time.
The graphs indicate the trend in the relationship between pressure and the ability of
oxygen to quench fluorescence.
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Table 1: Percent Unquenched Fluorescence in Heated Zeolite Powders and Discs

Heated Zeolite Samples
NaY
0.001 Py/sc
Average
%
Type
Powder
2.10%
1 metric ton
disc
7.97%
3 metric ton
disc
18.97%
5 metric ton
disc
51.80%

NaX
0.001 Py/sc
Average
%
Powder
3.50%
1 metric ton
disc
5.80%
3 metric ton
disc
15.60%
5 metric ton
disc
20.10%

After examining the data and results from the initial quenching study, the
question arose as to why the pressing had such a large influence on quenching. One
obvious possibility is that the pressing process was causing damage or collapse of the
cage structure o 'the zeolite, with higher pressures causing more damage. For pyrene in
the supercage, collapse of the cage structure would produce lowered accessibility to
oxygen due to blocking effects. In order to test this possibility, a study of the extent to
which pressing affected the surface area of pressed samples was carried out. Since the
greatest amount of damage would likely be in the five ton discs, a comparison of the
surface areas of the powdered form and five ton discs was made. Nitrogen was chosen as
an adsorbate for surface area measurements because N2 is similar in size to O2.
Therefore, the ai*eas that N2 can access would be similar to those of O2. Measiu’ements of
N2-BET surface areas in the region p/po = 0.05-0.3 were therefore carried out.
Figure 6 (left graph) shows an example isotherm used to calculate the surface
area. A linear regression of the BET equation is also shown. The data from these plots.
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including the slope and intersect of the linear regression, along with other data inherent to
the method, were used to calculate the surface area of the zeolite samples.

Fimire 6: Nitrouen Isotherm and Linear Regression
The isotherm of the measured nitrogen pressures(cm^ adsorbed vs p/po) and its linear
regression were used in order to calculate the amount of nitrogen adsorbed to the surface
of the zeolite structure. This was in turn used to calculate the surface area ofthe zeolite
sample.
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Table 2 ])resents the surface area measurements of the powders and discs and the
percent difference between the two. The surface area of the NaY powder was found to be
842 m^ g -I , while the 5 ton disc pressed from the powder was 789 m^ g'^ This constitutes
a difference of only 6 percent. The NaX powder and disc gave values of 756 m^ g"’, and
687 m^ g'\ respectively, or a difference of 9 percent. Though there was a small change in
the surface area, it did not equate to the dramatic change in fluorescence quenching
between the pov/ders and 5 ton discs in either NaY or NaX.
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Table 2: Surface Area of NaX and NaY Powders and 5 Metric Ton Discs
The surface areas of powder samples and 5 ton discs samples are presented for both NaY
and NaX. The percent differences between these are very small.

Surface Area Data
NaY
Powder Surface
Area
842 m^g’^

Disc Surface
Area
789 m

% Difference
6.3%

NaX
Powder Surface
Area

Disc Surface
Area

% Difference

756 m^g'^

687 mV'

9.1%

If the pyi'ene was randomly located in zeolite particles and pressing the powder
leads to significant collapse of the cage structure and loss of surface area, then correlation
between quenching and surface area would be expected. Since this was not the case,
another explanation is needed. One possibility is that the lowered quenching is
artifactual, or confined only to the surface and not to the inner regions ofthe discs. The
zeolite discs are white and non-transparent. Therefore, excitation is confined mainly to
the disc surface as a result of light scattering. The amount of quenching on the surface
could be lower relative to inner regions if damage was greater on the surface. Since the
disc surface is in direct contact with the bore of the die cell used to prepare the disc, then
grinding action or shear could be greater at contact points on the disc surface. To test this
possibility, 5-ton discs were prepared and then disassembled into powders by light
grinding with a mortar and pedstal. Upon examining the quenching in these powders,
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there v\ as no apparent change in the amount of quenching relative to the disc. Surface
artifacts can thei cfore be ruled out.
One other possibility that was explored was the location of pyrene in the 1-2 pm
particles of the 2.eolite powder prior to pressing the discs. During the process of loading
pyrene into zeolite powders by adsorption from solution, migration of pyrene through
zeolite particles is slow. The pyrene builds up in the external regions ofthe zeolite
particle and slowly diffuses inward. One important point that should be made here is that
the pyrene is noi located on the external particle surface prior to pressing the zeolite
powder into disc:s. The method of preparation places the pyrene in supercages located in
the internal void volume of the particle. However, there is no clear indication whether
the pyrene is unTbrmly distributed in the particles or concentrated in supercages near the
particle exterior If the latter were true, then the damage incurred as a result of pressing
zeolite powders into discs might be confined to the exterior region of zeolite particles.
This is illustrated in Figure 7. One possible means by which this could occur is through
grinding or shear action at particle-particle contact points during pressing. As the
pressure applied in the preparation of discs increases, more damage is done and more
pyrene becomes trapped and inaccessible to oxygen.

Figure 7: Concentration Gradient of Pyrene in Zeolite Stmcture and Particle-Particle
Contact Sites As the pyrene diffuses into the zeolite structure from solution, it becomes
more concentrated near the particle exterior and slowly diffrises inward. As the particles
are pressed together, pyrene at particle-particle contact sites becomes trapped and
inaccessible to oxygen.

Particle

Trapped Pyrene

1-2 |.un
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In order lo test the above hypothesis, two studies were developed. The first study
was designed to determine whether loading the powders with a higher amount of pyrene
than above (i.e., 0.001 pyrene per supercage) would affect the amount of quenching.

A

higher pyrene loading might be associated with a greater fraction ofthe pyrene being
located near the particle exterior. This could very well occur if a pyrene molecule in a
supercage blocks or inhibits the diffusion of another pyrene molecule. With a higher
concentration of pyrene in the loading solution, a higher loading of supercages near the
particle exterior is likely. Overall, the diffusion coefficient of pyrene in the zeolite would
be lower at higher loadings.
Table 3 presents the data obtained at a loading of0.01 pyrene sc'’ which is lOx
higher than used in Table 1. For NaY powder, only about 1.6 percent of the fluorescence
was Linquenchec. This value increased to 15.6%, 35.5%, and 48.5% as the powder was
pressed into 1,3, and 5 metric ton discs, respectively. As in the samples prepared at the
lower loading, tlie fraction of unquenched fluorescence increased with the pressure used
to form the discs. The values for the unquenched fluorescence were twice as high for the
1 and 3 ton discs compared to the lower loading, although the value for the 5 ton disc was
nearly the same. For NaX,the unquenched fluorescence was signficantly higher at all
pressures applied. Overall, the results in Table 3, when compared to those in Table 1,
imply a loading effect and that more pyrene fluorescence is unquenched in discs at higher
loadings.
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Table 3: Heated Zeolites at Higher Loading
The heated zeolite samples at higher loadings exhibited higher levels of unquenched
pyrene fluorescence than that of corresponding samples at the lower loading.

Heated Zeolites at Higher Loading
NaY

NaX

0.01 Py/sc

0.01 Py/sc

Type

Average %

lyfie

Average %

Powder

1.60%

Powder

2.90%

1 metric ton
disc
3 metric ton
disc
5 metric ton
disc

1 metric ton
disc
3 metric ton
disc
5 metric ton
disc

15.60%
35.50%
48.50%

9.30%
25.20%
30.50%

The second study that was devised in order to test the above hypothesis involved
the heating of the powders after the pyrene was loaded into them. All of the above
described work was carried out on powders that, following the loading process, were
heated under vacuum at mTorr pressures for one hour at 125“C. A study was therefore
carried out to explore what effect would be observed if the pyrene-loaded powder was not
heated following the loading process. Since the heating procedure would likely promote
the diffusion of pyrene molecules into the interior of the zeolite particles, a possibility
exists that the unheated powder would have a greater amount of pyrene near the particle
exterior.
Table 4 presents the data calculated from the unheated zeolite sample study and
can be compared directly with values in Table 1 at similar pyrene loadings. For both
NaX and NaY, the values of the unquenched fluorescence in all discs were substantially
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higher than the values seen with the heated powders. This confirms that heating the
sample has a profound influence on quencliing. The lowered fractional quenching in
heated samples may very well result from deeper penetration of pyrene into zeolite
particles.

Table 4: Unhea.ed Zeolite Samples
The levels of unquenched fluorescence in the unlieated samples were higher than that of
heated samples at both the low and high loadings.

Unheated Zeolite Samples
NaY

NaX
0.001 Py/sc

0.001 Py/sc

Im
1 metric ton
disc
3 metric ton
disc
5 metric ton
disc

Average
%

lyee
1 metric ton
disc
3 metric ton
disc
5 metric ton
disc

20.10%
37.30%
67.30%

Average
%
18.20%
29.00%
40.10%

The discrepancy between the amount of quenching in samples of NaX and NaY
samples observed in all the above studies could be due to the nature of pyrene diffusion
in the zeolite wfiich is no doubt related to the nature of pyrene adsorption in the zeolite.
Adsorption of p yrene to NaX and NaY involves the donation of n electron density to
zeolite cations. NaX is more electronegative (or more negatively-charged) and more
nucleophilic (or less acidic) than NaY. Because of its higher electronegativity, the
exchangeable sodium ions in NaX to which pyrene adsorbs are less acidic than in NaY.
For these reasons, the adsorptive interaction of pyrene with NaX is weaker compared to
NaY, and molecules diffuse more rapidly in NaX than in NaY. As a result, a smaller
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fraction of llic p vTcnc in NaX particles is located near the particle exterior compared to
NaY. There fort;, i f damage from pressing the zeolite powder is confined to the external
particle regions, then a smaller fraction of the pyrene becomes trapped as a result of
pressing the NaX pow der. The nature of adsorption and resulting rate of diffusion could
very well explain the smaller amounts of unquenched fluorescence in NaX relative to
NaY.
The abo^e results imply that the distribution of pyrene in zeolite particles affects
the fraction of pyrene that becomes inaccessible to O2 upon pressing pyrene-loaded
powders at 5 tor.s during the preparation of self-supported zeolite discs. If pyrene and
similarly-sized probes are in fact concentrated near the particle exterior, other
photophysical eiTects might be possible. We therefore turned to perylene [Figure 8].
Perylene is a po ynuclear aromatic hydrocarbon that is similar in size to pyrene. Like
pyrene, it can enter the supercage openings and reside in the internal cavity. We
postulated that, by pressing discs from mixtures of pyrene-loaded and perylene-loaded
powders, the two probes would be brought into close proximity at the particle-particle
contact sites. By doing this, Forster energy transfer between the pyrene and perylene
might occur and would be detectable by fluorescence. Forster energy transfer involves a
fast, long range dipole-dipole coupling that results in the transfer of resonant energy
between an excited donor molecule and a receptor in the ground state. Forster energy
transfer works best when the emission band of the donor overlaps with the absorbance
band of the receptor and if the donor and acceptor are in close proximity.[5]
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Fimire 8: Striiclure of Porvlene
The diameter ot' per>lene is 7.4 A,so it is able to enter the openings of the zeolite
supereage.

Pen'Iene

d=7.4 A

Hovvevei-, once the samples were analyzed, only trivial transfer was observed.
Trivial transfer, or radiative transfer, is a slow process that involves an excited donor
emitting light wiiich is then absorbed by a receptor. This receptor, in turn, emits the light.
[10] This differs from Forster, or non-radiative, energy transfer in that radiative energy
transfer involves the adsorption of light energy (photons) by the receptor, whereas nonradiative energy transfer involves the transfer of resonance bond energy in dipole-dipole
couplings. Therefore, no resonance transfer was observed by using perylene as a
quencher.
At this point we decided to try titanium dioxide (Ti02) as a quencher. Ti02 is a
good electron acceptor, and its bandgap can be excited through photosensitization with
organic species such as pyrene. It was hypothesized that fluorescence quenching by long
range electron transfer or electron tunneling would be possible. These studies were once
again performed using NaY because a greater portion of the pyrene remains near the
exterior in that zeolite. Small amounts of Ti02 were used because Ti02 absorbs light in
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the same region as the excitation light(337 nm). Therefore inner filter effects are
possible.
Similar results w ere observ ed in both the powder and disc samples, and both
showed no sigiii: of tluorescence quenching. In fact, the disc samples containing smaller
amounts of TiO - gave almost identical results to the powder sample without Ti02. The
powders that \\ ere prepared with the highest amount ofTi02had a lower relative
intensity than the samples prepared with lower amounts. This was probably due to the
TiO: absoi*bing more of the incoming excitation lights as more was added to the mixture.
Figure 9 shows the decay profile for four samples of unheated NaY. The first
sample contains only unheated NaY in water, and all other decay profiles are compared
to this one. Water was used because it protects the sample from oxygen in the
atmosphere. The other samples are 5 metric ton discs containing 0.8 mg,4.8 mg, and
10.6 mg of TiO:, respectively. The decay profile ofthe sample containing no Ti02 is
almost identical to the samples containing 0.8 and 4.8 mg. This indicates that no
quenching was observ ed in these samples. The sample containing 10.6 mg of Ti02 has a
lower intensity, but otherwise the profile is the same. Because titanium dioxide adsorbs
light in the same region as pyrene fluorescence, the drop in intensity can most likely be
attributed to adsorption of the fluorescence by Ti02. This was not seen in the previous
samples because- there was a very small amount of Ti02 relative to the entire sample.
The amount of 1'i02 in the last sample, 10.6 mg, was twice the amount that was in the
previous sample, 4.8 mg.
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Fimirc 9: TiO^ C)iienchintJ in Unheated NaY Powder and Discs
The decay profiles of samples of unheated NaY samples in water are shown. The profiles
include NaY powder in water as well as 5 metric ton discs with various amounts of Ti02.
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Once we were unable to quench the pyrene fluorescence with either perylene or
Ti02, we decided to test whether we could remove the pyrene from the discs. Previous
research had concluded that pyrene that had been loaded into the zeolite by adsorption
could be removt;d using a Teflon-lined reaction bomb and acetonitrile.[8] We were
unsure whether we would be able to remove all of the pyrene, but we postulated that if
any pyrene fluoi escence was seen, it would be due to trapped pyrene particles. Again, we
chose NaY because there was a greater amount of trapped pyrene associated with it.
The quenching data that we collected from the extracted discs under vacuum and
in air were almost identical. This is seen in the graph of the decay profiles in Figure 10
which shows the; fluorescence decay profile of the same sample in vacuum and in air.
The fact that the plots are almost identical indicated that all of the imtrapped pyrene had
been removed and all that remained was the trapped pyrene. This was important because
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using extracted discs, we could examine only the pyrene that was of interest to us, that
which we had pi c\ iously been unable to quench using molecular oxygen and surface
quenchers. This find was also important because it indicated that the pyrene whose
fluorescence we were unable to quench was, in fact, trapped in areas that it could not
escape from and that oxygen could not enter. Therefore, this study reinforced our
hypothesis of the pyrene entrapment in discs.

Figure 10: Decay Profiles of Extracted NaY 5 Ton Discs
The decay profiles of reaction bomb extracted NaY discs are presented. The two plots
are of the discs under high vacuum and in air. The two plots are almost identical,
indicating no quenching of pyrene by oxygen.
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At this point, we turned our attention away from surface quenchers. We decided
to test whether we could quench the fluorescence by exchanging transition metal cations
onto the zeolites. The transition metal cation exchange studies took advantage of the fact
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that the sodium rations that cover the surface ofthe structure of the zeolite can be
exchanged with other metal cations [5]. Using the proper cations, we postulated that the
fluorescence of he p\ rene could be affected. The metal cation exchange studies were
perfonned because of the ability of the cations to reach portions of the zeolite structure
that were inaccessible to oxygen. This is due to two factors. First, the metal cations are
smaller than the oxygen molecule, which is made up of two oxygen atoms. Second, the
metal cations exchange very easily with the sodium on the zeolite structure, due to the
fact the the zeolites are highly selective for these cations [5]. Thallium, cesium, and
copper cations v/ere chosen because of the sizes of their cations and because the zeolites
have a higher specificity for them than for sodium. The zeolite is most highly selective
for TT cations which have an almost one hundred percent exchange rate with sodium. It
is also highly specific for Cs^, although not as great as for Tr, due to the differences in
size. Of the thre-e, the zeolite is the least selective for the Cu^^ cations. The Cu^"^ cations
are also the largest of the three used in this study [5].
The Na\' discs exchanged with the Tl"^ and Cs^ cations were visibly
undifferentiated from the unexchanged discs. However, once the discs were excited with
the laser, it was evident that there was a difference. Instead of the characteristic blue
light of pyrene fluorescence, a red emission was seen. This red emission is characteristic
of pyrene phosphorescence rather than fluorescence. Phosphorescence ofpolycylic
aromatic hydrocarbons such as pyi'ene is usually not observed at room temperature.
However, the presence of heavy atoms, such as thallium and Cs"^, in close proximity
promote spin-orbit coupling that is normally spin forbidden in pyrene.[10] The result is
phosphorescence emission instead of fluorescence emission. This red emission was
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visibl\ more inti:nse for the Tf-exchanged discs than for the Cs'^-exchanged discs. This
indicates that the cesium had a smaller effect than the thallium, and this is reflected in the
graph of the decay profiles of the unexchanged discs versus the

and Cs'^-exchanged

samples.
f igure 1 1 contrasts the fluorescence and phosphorescence emission spectra of
pyrene, which graphs intensity of light emission versus wavelength. The plot on the left
is the fluorescence spectrum of 0.001 py/sc unheated NaY powder. The plot on the right
is of the phosphorescence spectrum of a 5 ton T\^ exchanged disc. It can clearly be seen
that the emission from the exchanged disc is different from what is seen in the nonexchanged forms. The fluorescence is quenched in the exchanged discs, and the result is
phosphoresceno^. The peak of interest in the phosphorescence is the one at 600 nm,
which is characteristic of phosphorescence. The emission seen to the left of this peak is
due to scatter from the excitation light. The phosphorescence spectrum was also seen in
the Cs'"-exchanged discs.

FTgure 11: Pyrene Fluorescence and Phosphorescence Emission Spectra
The plots are of 0.001 py/sc unlieated NaY powder and 5 ton T^-exchanged discs. This
clearly shows the difference between pyrene fluorescence emission and phosphorescence
emission.
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Figure 1.2 represents the fluorescence decay profile ofthe unexchanged disc as
well as the phosohorescence decay profiles of the Cs"^- and Tr~exchanged discs. The top
plot represents t ie unexchanged disc containing only pyrene. It has the highest intensity
and is rcpresentati\e of the normal plot of a pyrene fluorescence decay profile. The
middle plot is the decay profile of the Cs^-exchanged disc. It has a lower initial intensity,
and the plot looks \ cry different from that of the unexchanged disc. The fact that the
relative intensit}' of the plot never reaches zero indicates that there is a portion of the
pyrene that was not able to be quenched by the exchanged Cs^ cations. This could be due
to size effect. The size of the cation could have caused it to be unable to access some of
the regions in which the pyrene was trapped. The bottom plot is that ofthe decay profile
of a Tfl-exchanged disc. It has a much smaller initial intensity than even the Cs^ plot.
The fact that the intensity actually zeros out indicates that practically all of the pyrene
was able to be affected by the exchanged Tl^ cations. Again, the thallous cations were
most likely able to reach more of the pyrene than the cesium cations due to their smaller
size. This supports the obseiwation of a more intense red emission, indicating greater
phosphorescence, and a larger effect on the trapped pyrene. Therefore, the Tf cations
were able to reach more of the trapped pyrene and had a greater effect on the pyrene than
Cs^ cations.
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Fimirc 12: Dccav Profiles of Unexchanged. Tl^ Exchanged, and Cs^ Exchanged 5 Metric
^Fon Extracted Discs This plot contains the fluorescence decay profile of an unexchanged
disc as well as the tluorescence decay profiles of Tl^- and Cs^-cation-exchanged discs.
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The sample exchanged with Cu“^ cations was visibly different from the
2+

unexchanged sample. The Cu"^ exchanged disc was blue in color, indicating that Cu
had, in fact, exclianged. When it was excited by the laser, no blue emission could clearly
be seen because the disc was already blue. Also, no red pyrene phosphorescence was
observed. Phosphorescence was not expected for Cu^^ because copper does not have
heavy atom effects. This was supported by the graph of the Cu^"^ exchanged disc versus
the unexchanged disc [Figure 13].
Figure 13 is the plot of the decay profile of the unexchanged 5 ton disc versus the
plot of the Cu^^-exchanged 5 ton disc. The top plot is that of the decay profile of the
unexchanged disc containing pyrene only. It shows the characteristic form of pyrene
fluorescence. The lower plot is that of the Cu ^^-cation-exchanged disc. It has a much
lower intensity but shows the same characteristic fluorescence decay profile seen in the
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Lincxchangcd sainple. This supports the fact that no red phosphorescence was observed.
The lowering of the intensity could have caused by a limited amount of the pyrene
fluorescence being quenched by contact with the Cu^^ cations. However, the lowering of
the Huorescence intensity has to be due to tlie copper on the surface ofthe disc absorbing
the excitation light from the laser.

Fimire 13: Decay Profiles of Unexchanged and Cu^^ Exchanged 5 Metric Ton Extracted
Discs The tluorescence decay profile of the unexchanged disc is presented in contrast to
the Cu~"-cation-exchanged disc.
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Discussion:
h rom the tluorescence quenching studies performed on NaX and NaY, many
conclusions can be draw n. Because the amount of fluorescence quenching achieved
decreases w ith i icreasing crushing pressures, it can be hypothesized that this pressure is
causing some process in wdiich the pyi'ene becomes trapped. This trapped pyrene is in
areas in w hicli llie oxygen cannot contact it. Therefore, there is no energy transfer and no
quenclring.
Loading the powders with higher amounts of pyrene has an effect on the amount
of pyrene that is trapped. At higher loadings, a greater percentage of the loaded pyrene is
unquenched, and this effect is seen more with the NaY than with the NaX. This effect is
due to the diffusion rates of the pyrene into the zeolite particles and the concentration
gradient that is c reated within the particles. As a result, a high percentage ofthe pyrene
remains near the exterior of the particle.
This effect is also seen in the unheated samples. When heat is not used to speed
the diffusion of the pyrene into the particles, a larger percentage of the pyrene remains
near the particle exterior, and a greater percentage of the pyrene fluorescence is unable to
be quenched by oxygen. This indicates that more of the pyrene becomes trapped when
the powder is nc>t heated.
These results indicate that the pyrene that is trapped is located in the outer regions
of the zeolite structure. At the higher loadings, more pyrene adsorbs to the zeolite, and a
greater quantity of that is located in the outer areas of it, due to the concentration gradient
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that is formed, fhe greater effect in NaY is due to the fact that, because it is less
electronegati\ e and less acidic than NaX, pyrene does not go as deeply into its particles.
The heated \ ersus unheated study supports these conclusions. Heating is used in order to
drive the pyrene further into the zeolite. When tlie samples are not heated, the pyrene
remains near the particle exteriors, and a higher percentage ofthe pyrene becomes
trapped, versus ihe heated samples. Also, the greater effect seen in the NaY samples can
again be explained by the fact that pyrene adsorbs further into NaX than in NaY.
As there was a slight loss of surface area due to the crushing but only at 5 metric
tons, the surfaee area studies rendered no correlation between the crushing ofthe powders
and changes in surface area. Therefore, there is no evident relationship between a change
in surface area and the change in the quenching of fluorescence by oxygen. Also,
because the disks that were gi'ound back into powder presented the same results as the
discs, the reduction in quenching cannot be due to artifacts of surface damage (surfacedisk effects.) These results help to verify the postulate that pyrene is becoming trapped at
particle-particle contact regions because it excludes the possibility of pyrene being
trapped in areas of structural damage within the zeolite.
Because there was no change in the decay profiles when the pyrene-perylene
samples were studied, it was concluded that only trivial transfer occurred between the
two. The same was true for the samples containing Ti02 and pyrene. This is due to the
fact that the areas of the zeolite particle containing the perylene quencher molecules were
not able to get in close enough proximity to the areas of the zeolite particles containing
pyrene to attain quenching. Also, the TiOz was unable to get close enough to the pyrene
in order to promote energy transfer. This also supports the hypothesis that the damage
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trapping tlic pyr iiic is occurring near the particle exteriors. Because the probes are in
separate /eoliie particles, the only damage that would affect the ability of these probes to
come into pro\imit\ of the p\Tcne would be those at the outer regions of the particles.
This is the only area in which the two probes would be in proximity of one another.
The use of the reaction bomb in order to extract the untrapped pyrene was
important because it allowed us to exaniine only tlie trapped pyrene which could not be
quenched by the oxygen. It also showed us that the unquenched pyrene was indeed
trapped in the zeolite structures, as the only pyrene that remained in the discs was the
pyrene which cculd not be quenched using oxygen.
The metal cation exchange study yielded very interesting results. Because of the
smaller sizes of the metal cations, when compared to molecular oxygen, and the high
selectivity of the zeolites for the metal cations, the Tl^ and Cs^ cations were able reach
the areas of the /.oolites which were inaccessible to the other probes. This is evidenced
by the phosphorescence seen in the results of these studies. The Tf cations were able to
2+

more efficiently reach the areas of the trapped pyrene than the Cs"^ cations. The Cu
cations, which v^ere larger in size and also not as highly selected by the zeolites, were not
able to access these regions.
From tht data obtained through these studies, it is proposed that a large fraction of
the pyrene in adsorbed to the zeolites remains near the particle exterior. A larger fraction
remains at the particle exterior in NaY than in NaX Also, the crushing of the powders
causes pyrene particles to become entrapped at particle-particle contact sites. There is a
very small amount of damage that occurs at positions other than at these particle-particle
contact sites. A iso, the sites in which the pyrene becomes trapped are inaccessible to
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molecular oxygen, pcr\ lone, and titanium dioxide. It is also proposed that by using a
reaction bomb ii is possible to remove all of the pyrene that is not trapped. Finally, the
trapped p\ rene is accessible to heavy metal cations exchanged into the zeolite, which
promote phosphorescence of the excited pyrene.
These studies re\ ealed valuable infomiation about the nature ofzeolites X and Y
as well as the effects of laoding, heating, and pressing into discs. However, more
questions remain to be answered. One area that could be explored further is the ability of
other species such as the surface quenchers CCI4 and C60 to quench the fluorescence of
entrapped pyrene. .A.lso, exchange with other cations such as

could be explored.

Also, investigations using smaller species such as anthacene and naphthalene could be
undertaken to see whether they go further into the zeolite than pyrene.
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Conclusion:
Higlicr crusliing pressures caused ever greater damage to the zeolite structure;
trapping p>rene, and restricting the access of molecular oxygen to the trapped
pyrene. Tliis caused a decrease in the ability of oxygen to quench pyrene
niiorescence.
There was no correlation behveen changes in quenching and structural damage
within the zeolite particle caused by the pressing process.
The reduction in quenching was not a surface-disk effect.
As the pvTene adsorbs into the powder, a concentration gradient is formed
resulting in a large amount of the adsorbed pyrene remaining near the particle
exterior.
Loading at higher concentrations and not heating the zeolite powder following
adsoiqition enhances this effect.
A larger portion of the pyrene remains near the particle exterior in NaY than NaX.
After extraction in the reaction bomb, only the pyrene which was trapped and
inaccessible to molecular oxygen remained.
The Tl^ and Cs^ exchanged discs exhibited phosphorescence. Also, the if
cations exhibited a greater ability to reach and affect the trapped pyrene.
The damage that occurs due to the crushing process occurs at particle-particle
contacts sites on the exterior of the particles.
Very litt e damage occurs other than at these particle-particle contact sites.
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